With an aim to study whether the close correlation between [Na/H] and [Fe/H] recently found in A-type stars further persists in the regime of B-type stars, the abundances of Na were determined for 30 selected sharp-lined late B-type stars (10000 K < ∼ T eff < ∼ 14000 K) from the Na i 5890/5896 doublet. These Na abundances were then compared with the O and Fe abundances (derived from the O i 6156-8 and Fe ii 6147/6149 lines) showing anti-correlated peculiarities. It turned out that, unlike the case of A-type stars, [Na/H] is roughly constant at a slightly subsolar level ([Na/H] ∼ −0.2(±0.2) without any significant correlation with [Fe/H] which shows considerable dispersion ranging from ∼ −0.6 to ∼ +1.0. This may serve as an important observational constraint for understanding the abundance peculiarities along with the physical mechanism of atomic diffusion in upper main-sequence stars of late A through late B-type including Am and HgMn stars.
Introduction
Abundance studies of sodium (Na) for early-type stars in the upper main sequence have been insufficient, despite the astrophysical importance of this element. Actually, until recently, investigations of Na abundances have long been limited up to late A stars (T eff < ∼ 8500 K), and those of higher T eff from early A through B remained essentially untouched. This is presumably due to its elemental characteristics; i.e., an alkali element with only one valence electron weakly bound and thus its ionization potential is fairly low (∼ 5.1 eV), which means that almost all Na atoms are ionized and only a very small fraction remain neutral in the atmospheres of early-type stars. Accordingly. several subordinate Na i lines of low or not such a close correlation between Na and Fe is seen also in sharp-lined late B-type stars including HgMn stars.
As already mentioned, very few people have tried determinations of Na abundances for B-type stars so far, except for the recent LTE studies of Fossati et al. (2009) for two sharplined late-B stars (21 Peg and π Cet). Given this situation, we decided to carry out a new spectroscopic study for the abundances of O, Fe, and Na (where O and Fe abundances are indicators for HgMn peculiarities) for selected 30 sharp-lined late B-type stars, with an aim to give a clear answer to this question (i.e., whether or not Na correlates with Fe also in late B-type stars). This time, since subordinate lines such as Na i 5682/5688 are too weak to be measurable, we have no other way than to invoke the resonance lines of Na i 5890/5896, which are fortunately moderately weak and not strongly saturated at this range of T eff ; thus, we do not suffer such problems as encountered in Paper I. The purpose of this paper is to report the outcome of this investigation.
Observational Data
As the targets of this study, we selected 30 late B-type stars (including a few A0 stars) mostly with spectral classes of B6-B9.5 and luminosity classes of III-V (cf. table 1), which are comparatively sharp-lined for early-type stars (v e sin i < ∼ 60 km s −1 ). For 9 stars among these, we could avail ourselves of old spectra covering a wavelength range of 5600-6800Å with a resolving power of R ∼ 70000, which were obtained in 2006 October by using HIDES spectrograph at Okayama Astrophysical Observatory (OAO) to determine the O and Ne abundances of B-type stars. See Takeda et al. (2010) for more details.
Regarding the other 21 stars, we carried out new observations on 2012 May 26-31 again by using OAO/HIDES, where the same slit width (200 µm) as in 2006 October observations was adopted to get spectra of R ∼ 70000 covering the wavelength range of 5100-8800Å.
1 The reduction of these new 2012 spectra was done in the same manner as in 2006 data, and S/N ratios typically on the order of ∼ 200 were attained. For both of the 2006 and 2012 data, telluric lines existing in the region of Na i 5890/5896 lines were removed by dividing the spectra by that of a rapid rotator as done in Paper I. These 30 program stars are plotted on the log L vs. log T eff diagram (theoretical HR diagram) in figure 1, where Girardi et al.'s (2000) theoretical evolutionary tracks corresponding to different stellar masses are also depicted. We can see from this figure that the masses of our sample stars are in the range between ∼ 2.5M ⊙ and ∼ 5M ⊙ .
Atmospheric Parameters
In order to maintain consistency with our recent studies (Paper I, Paper II, Takeda et al. 2010) , the effective temperature (T eff ) and the surface gravity (log g) of each program star were determined from the colors of Strömgren's uvbyβ photometric system with the help of Napiwotzki, Scönberner, and Wenske's (1993) uvbybetanew program 2 , where the observational data of b − y, c 1 , m 1 , and β were taken from Hauck and Mermilliod (1998) via the SIMBAD database. The resulting T eff and log g are summarized in table 1. Their typical errors may be estimated as ∼ 3% in T eff and ∼ 0.2 dex in log g for the present case of late B stars, according to Napiwotzki et al. (1993;  cf. their section 5).
3
The model atmosphere for each star was then constructed by two-dimensionally interpolating Kurucz's (1993) ATLAS9 model grid in terms of T eff and logg, where the solar-metallicity models were exclusively used as in our previous studies.
Regarding the microturbulent velocity (ξ), we assume ξ = 1 km s −1 with uncertainties of ±1 km s −1 in this study, 4 which we regard as most reasonable considering the published ξ results for late B-type stars (10000 K < ∼ T eff < ∼ 15000 K) typically ranging between ∼ 0 and ∼ 2 km s −1 (see, e.g., table 1 of Sadakane 1990).
Abundance Determinations
The determination procedures of elemental abundances and related quantities (e.g., non-LTE correction, uncertainties due to ambiguities of atmospheric parameters) are essentially the same as adopted in Takeda et al. (1999) , Papers I and II, and Takeda et al. (2010) , which consist of two consecutive steps.
Synthetic spectrum fitting
The first step is to find the solutions for the abundances of relevant elements, projected rotational velocity (v e sin i), and radial velocity (V rad ) such as those accomplishing the best fit (minimizing O − C residuals) between theoretical and observed spectra, while applying the automatic fitting algorithm (Takeda 1995) . Two wavelength regions were selected for this 2 http://www.astro.le.ac.uk/˜rn38/uvbybeta.html .
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As a check, we also tried deriving T eff and log g by using Moon's (1985) UVBYBETA/TEFFLOGG program based on Moon and Dworetsky's (1985) calibration, which may be better for stars of the relevant spectral type according to Kaiser (2006) . We then found that the resulting values of T eff are slightly (but systematically) higher by ∼ 200 K ( ∆T eff = 208 ± 124 K) while those of log g are practically the same ( ∆ log g = −0.03 ± 0.05 dex) , compared to our adopted parameters based on the Napiwotzki et al.'s (1993) uvbybetanew program. Therefore, we should bear in mind the possibility that our T eff given in table 1 might be slightly underestimated by ∼ 200 K on the average, though this is still within the considered uncertainty (∼ ±3%).
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In contrast, Takeda et al. (2010) assumed ξ = 3 km s −1 with uncertainties of ±2 km s −1 based on the results of Lyubimkov, Rostopchin, and Lambert (2004) , since B-type main-sequence stars in a much wider T eff range (10000 K < ∼ T eff < ∼ 23000 K, corresponding to masses of 4-11 M ⊙ ) were involved in that investigation. Note that, in the evaluation of O − C residuals, we had to occasionally mask some regions showing features irrelevant to stellar spectra; such as spurious spectrum defect (figure 2) or interstellar absorption components of Na i 5890/5896 lines (figure 3), as highlighted in green in both figures. Also, in the case of 5888-5898Å fitting of Na i lines, v e sin i values were often fixed at the values derived from 6145-6160Å fitting, since only incomplete Na i D line profiles are available in most cases.
Analysis on inversely evaluated W λ
As the second step, with the help of Kurucz's (1993) WIDTH9 program (which had been considerably modified in various respects; e.g., inclusion of non-LTE effects, treatment of total equivalent width for multi-component lines; etc.), we computed the equivalent widths of the representative lines "inversely" from the abundance solutions (resulting from spectrum synthesis) along with the adopted atmospheric model/parameters; i.e., W Since the non-LTE effect was explicitly taken into consideration for O and Na as done in Papers I, II, and Takeda et al. (1999 Takeda et al. ( , 2010 , A N (NLTE abundance) and A L (LTE abundance) were computed from W O 6156−8 and W Na 5890 , from which the NLTE correction ∆(≡ A N − A L ) was further derived. The resulting NLTE abundances and corrections for O and Na, as well as the LTE abundances for Fe, are given in table 1. Although only the results for the stronger Na i 5890 line of the doublet are given in table 1, those for the weaker Na i 5896 are well represented by the following formula:
( 1) where W 5896 and W 5890 are measured in mÅ, and
As expected, inequality relations of W 5896 < W 5890 and |∆ 5896 | < |∆ 5890 | generally hold. We then estimated six kinds of abundance variations (δ T + , δ T − , δ g+ , δ g− , δ ξ+ , and δ ξ− )
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It should be kept in mind that we assumed only the rotational broadening (with the limb-darkening coefficient of ǫ = 0.5) as the macrobroadening function to be convolved with the intrinsic theoretical line profiles. Accordingly, v e sin i values for very sharp-line cases (e.g., v e sin i < ∼ 5-6 km s −1 ) may be somewhat overestimated because the effects of the instrumental broadening or of the macroturbulence may not be negligible compared to v e sin i.
for A O , A Na , and A Fe by repeating the analysis on the W values while perturbing the standard atmospheric parameters interchangeably by ±3% in T eff , ±0.2 dex in log g, and ±1 km s −1 in ξ (which are the typical ambiguities of the parameters we adopted; cf. section 3). Finally, the root-sum-square of these perturbations,
1/2 , were regarded as abundance uncertainties (due to combined errors in T eff , log g, and ξ), where δ T , δ g , and δ ξ are defined as
Figures 4(O), 5(Na), and 6(Fe) graphically show the resulting abundances, equivalent widths, non-LTE corrections (or v e sin i in figure 6), and abundance variations in response to parameter changes, as functions of T eff . We can see from these figures that, while the extents of non-LTE corrections for O i 6156-8 are not very significant (typically ∼ 0.1-0.2 dex), those for Na i 5890 are significantly large and non-negligible (∼ 0.3-0.5 dex). Besides, the abundance errors due to parameter uncertainties are typically ∼ 0.1-0.2 dex for Na and Fe (though errors in Na may grow up to < ∼ 0.3 dex for near-A0 stars with T eff < ∼ 11000 K), while those for O are not important ( < ∼ 0.1 dex). (Takeda & Sadakane 1997 , Takeda et al. 2008 , Paper I), we may state that O and Fe abundances of these sharp-lined late B-type stars (10000 K < ∼ T eff < ∼ 14000 K) can be regarded as peculiarity indicators (weakly dependent upon v e sin i, behaving in an opposite way to each other) just as has been reported for A-type stars (7000 K < ∼ T eff < ∼ 10000 K). Note that this consequence is consistent with the results of Takeda et al. (1999; cf. Takeda et al. 2003) . In contrast, early-type stars with masses of ∼ 1.5-5 M ⊙ are considerably younger ( < ∼ 10 8 -10 9 yr), which are regarded to have formed from gas of nearly the same chemical composition.
(see, e.g., the near-homogeneity of O and Ne abundances in B-type stars derived by Takeda et al. 2010) . Accordingly, the diversified Na as well as Fe abundances in these sharp-lined A and late-B stars (T eff ∼ 7000-14000 K) must be due to "abundance peculiarities" which were acquired during their main-sequence life time presumably due to chemical segregation processes operating in the stable atmosphere or envelope. The significance of the result we found is, therefore, that
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This star (ι CrB), being very sharp-lined with almost the lowest v e sin i (4 km s −1 ), belongs to the low T eff group of near A0 (10828 K). Reflecting its conspicuously strong and saturated W 5890 (116 mÅ), the Na abundance of this star is especially sensitive to errors in T eff as well as ξ, as manifestly seen in figures 5d and 5f. Accordingly, we have to keep in mind that the Na abundance derived for this star is less reliable compared to other stars, which might explain (at least partly) this outlier nature.
it can provide with important observational characteristics of chemical peculiarities in A and late-B stars to be explained theoretically, e.g., by atomic diffusion calculations.
Conclusion
Regarding our primary aim of this investigation (i.e., to check whether or not the trend of Na vs. Fe correlation seen A-type stars persists into the regime of late B-type stars), our conclusion is summarized as follows: -(1) In the regime of A-type stars (7000 K < ∼ T eff < ∼ 10000 K), the mechanism causing chemical peculiarities (mainly Am anomalies in this case, characterized by overabundance of Fe and underabundance of O) acts nearly equally on both Na and Fe, so that a near-scaling relation between [Na/H] and [Fe/H] ([Na/H] ∼ 0.64 [Fe/H] ) is realized despite that these two elements have suffered appreciable abundance changes.
-(2) However, as T eff is increased (higher than 10000 K), this relation first becomes appreciably loosened and ambiguous at the transition region (10000 K < ∼ T eff < ∼ 11000 K), then the correlation eventually disappears at 11000 K < ∼ T eff < ∼ 14000 K where [Na/H] stabilizes almost at the primordial value 7 , despite both O and Fe still show v e sin i-dependent anomalies. This suggests that the physical process causing abundance peculiarities does not work any more on Na at this higher-T eff regime of late B-type stars, though it still operates on both Fe and O (typically exhibited by HgMn stars).
- (3) It is interesting to note that the "transition region" stars at 10000 K < ∼ T eff < ∼ 11000 K are in the mass range of 2.5-3 M ⊙ (cf. figure 1) , which just correspond to the region on the HR diagram occupied by both HgMn stars and hot Am stars nearly overlapped as pointed out by Adelman et al. (2003; cf. figure 1 therein) . We may state that these two groups of nonmagnetic chemically peculiar stars (Am stars and HgMn stars) could be roughly characterized by the existence of Na-Fe correlation (i.e., both elements undergo abundance peculiarities in a similar manner) and the absence of such connection (i.e., Fe suffers anomaly while Na do not), respectively. This consequence may serve as an important observational constraint for understanding the mechanism producing abundance peculiarities in upper main-sequence stars. Generally, less attention seems to have been paid to Na in early-type chemically peculiar stars, presumably because published observational data have been insufficient. Above all, diffusion calculations for Na in the envelope of B-type stars with M > ∼ 2.5M ⊙ seem to have been rarely conducted so far, except for the old work (e.g., Michaud et al. 1976) . In this respect, new contributions by theoreticians are desirably expected toward reasonably explaining the observational trend for Considering the near-homogeneity of these Na abundance without significant diversity, we tend to regard that primordial Na abundances (when stars were formed) are retained in the atmospheres of these stars at T eff > ∼ 11000 K. As a matter of fact, we are not certain whether the slightly subsolar tendency in [Na/H] (by ∼ 0.2 dex on the average) is really meaningful, considering the possibility that our T eff scale might as well be systematically raised by ∼ 200 K (cf. footnote 3). (Takeda 2007) , open circles · · · sharp-lined A-type stars (Paper II), filled circles · · · late B-type stars with T eff < 11000 K (this study), and filled triangles · · · late B-type stars with T eff > 11000 K (this study). Note.
All data are were taken from Kurucz & Bell's (1995) compilation. RMT is the multiplet number in the Revised Multiplet 
